The purpose of our study was to determine the relationship between mutant huntingtin (Htt) and mitochondrial dynamics in the progression of Huntington's disease (HD). We measured the mRNA levels of electron transport chain genes, and mitochondrial structural genes, Drp1 (dynamin-related protein 1), Fis1 (fission 1), Mfn1 (mitofusin 1), Mfn2 (mitofusin 2), Opa1 (optric atrophy 1), Tomm40 (translocase of outermembrane 40) and CypD (cyclophilin D) in grade III and grade IV HD patients and controls. The mutant Htt oligomers and the mitochondrial structural proteins were quantified in the striatum and frontal cortex of HD patients. Changes in expressions of the electron transport chain genes were found in HD patients and may represent a compensatory response to mitochondrial damage caused by mutant Htt. Increased expression of Drp1 and Fis1 and decreased expression of Mfn1, Mfn2, Opa1 and Tomm40 were found in HD patients relative to the controls. CypD was upregulated in HD patients, and this upregulation increased as HD progressed. Significantly increased immunoreactivity of 8-hydroxy-guanosine was found in the cortical specimens from stage III and IV HD patients relative to controls, suggesting increased oxidative DNA damage in HD patients. In contrast, significantly decreased immunoreactivities of cytochrome oxidase 1 and cytochrome b were found in HD patients relative to controls, indicating a loss of mitochondrial function in HD patients. Immunoblotting analysis revealed 15, 25 and 50 kDa mutant Htt oligomers in the brain specimens of HD patients. All oligomeric forms of mutant Htt were significantly increased in the cortical tissues of HD patients, and mutant Htt oligomers were found in the nucleus and in mitochondria. The increase in Drp1, Fis1 and CypD and the decrease in Mfn1 and Mfn2 may be responsible for abnormal mitochondrial dynamics that we found in the cortex of HD patients, and may contribute to neuronal damage in HD patients. The presence of mutant Htt oligomers in the nucleus of HD neurons and in mitochondria may disrupt neuronal functions. Based on these findings, we propose that mutant Htt in association with mitochondria imbalance and mitochondrial dynamics impairs axonal transport of mitochondria, decreases mitochondrial function and damages neurons in affected brain regions of HD patients.
INTRODUCTION
Huntington's disease (HD) is a neurodegenerative disease with an autosomal dominant inheritance that strikes humans in midlife. HD is characterized by involuntary movements, chorea, dystonia, changes in personality and cognitive decline (1) (2) (3) (4) . Key features found in postmortem brain * To whom correspondence should be addressed. Tel: +1 5034182625; Fax: +1 5034182701; Email: reddyh@ohsu.edu # The Author 2011. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com tissues of HD patients include the loss of medium spiny neurons in the basal ganglia and pyramidal neurons in the cortex and hippocampus. Mutant huntingtin (Htt) aggregates have been found in affected regions of the brain in HD patients and in mouse models of HD (4, 5) . The extent of mutant Htt aggregates in selective neuronal loss is still not completely understood.
HD is caused by a genetic mutation, resulting in an expanded polyglutamine (or polyQ) that encodes repeats in exon 1 of the HD gene. In persons affected by HD, the number of polyQ repeats ranges from 36 to 120, whereas in unaffected persons, polyQ repeats range from 6 to 35 (3) . The progression of HD has been found to correlate inversely with the number of polyQ repeats. Htt, a product of the HD gene, is a 350 kDa protein, ubiquitously expressed in the brain and peripheral tissues (1, 2) . In the HD brain, Htt is localized mainly in the cytoplasm; however, a small portion of mutant Htt localizes in subcellular organelles, including the plasma membrane, mitochondria, lysosomes and endoplasmic reticulum (6 -13) . The nature and mechanism of translocation of mutant Htt, particularly mutant Htt oligomers, to the subcellular organelles are not fully understood.
Mutant polyQ aggregates have been extensively reported in HD and other polyQ repeat-associated diseases (1) . More recently, formations of oligomers, fibrils and protofibrils have been found in cell cultures and HD transgenic mice (14) (15) (16) (17) (18) . Mutant oligomeric proteins are toxic, and these proteins have been found to enter subcellular organelles, such as mitochondria in neurons from patients with Alzheimer's disease (19) . However, mutant Htt oligomers and their association with mitochondria have not been studied in HD patients.
Several cellular pathways have been proposed, to explain the causes of HD pathogenesis, including: transcriptional dysregulation, N-methyl-D-aspartate receptor activation, the interaction of expanded polyQ repeat proteins with other proteins in the central nervous system and abnormal mitochondrial bioenergetics and defective axonal trafficking. Among these, mitochondrial abnormalities and defective bioenergetics appear to be strongly involved in HD progression (4) .
Increasing evidence supports the involvement of mitochondria in HD pathogenesis. Several studies using positive emission tomography scans of brains from HD patients and control subjects revealed a marked decrease in glucose utilization in the striatum of patients (20) (21) (22) (23) (24) (25) . Studies using magnetic resonance imaging of postmortem brains from HD patients revealed a progressive atrophy of the striatum, caudate nucleus, putamen, globus pallidus and thalamus compared with images of postmortem brain from age-matched control subjects (26) (27) (28) (29) . Recent biochemical studies of mitochondria in striatal neurons from postmortem brains taken from latestage HD patients revealed reduced activity in several components of oxidative phosphorylation, including complexes II, III and IV of the electron transport chain (30) (31) (32) . Recent studies of HD knockin striatal cells and lymphoblasts from HD patients revealed that expanded polyQ repeats are associated with low levels of mitochondrial adenosinetriphosphate (ATP) and decreased mitochondrial ADP uptake, suggesting that repeat expansions associated with mitochondrial functional defects (33) . In addition, several studies of mitochondrial trafficking in cortical neurons from HD mice revealed mutant Htt aggregates impairing mitochondrial movement (13, 34, 35) .
Recent studies using postmortem brains of HD patients (36) , peripheral cells (fibroblasts, lymphoblasts and myoblasts) from HD patients (37, 38) and cell models of HD (38, 39) revealed structural abnormalities in mitochondria in neurons, suggesting that defective mitochondria may be responsible for neuronal damage in HD. Mitochondria are cytoplasmic organelles and provide essential energy (ATP) to all mammalian cells, including neurons. They are synthesized in the cell body and are transported down axons and dendrites to serve energy demands of the cell (40) . If mitochondria in the cell body are damaged due to mutant Htt in striatal and cortical neurons, these defective mitochondria may be transported to synaptic terminals via natural mitochondrial trafficking, where they could produce low levels of ATP due to their degradation and could cause synaptic degeneration (41) . The transport of healthy mitochondria to synaptic terminals may be critical and necessary for the delivery of adequate ATP. Very little is known about synaptic degeneration and how mutant Htt damages mitochondria and, in turn, the synapses to which the damaged mitochondria are trafficked.
Mitochondrial shape and structure are maintained by two opposing forces: fission and fusion (42) . In a healthy neuron, fission and fusion mechanisms balance equally and imbalance between fission and fusion leads to abnormal mitochondrial dynamics. Mitochondria alter their shape and size to move, through mitochondrial trafficking, from the cell body to the axons, dendrites and synapses via anterograde motion, and back to the cell body via retrograde motion. Fission and fusion are controlled by evolutionarily conserved, large GTPases belonging to the family of dynamin. Fission is controlled by the dynamin-related protein 1 (Drp1) and the mitochondrial fission 1 (Fis1) protein. Most Drp1 protein is localized in the cytoplasm, but a small part punctuates the outer membrane, which promotes mitochondrial fragmentation (4). Fis1 is localized in the outer membrane of mitochondria (43) . Drp1 and Fis1 are activated by an increase in free radicals in mitochondria, which is critical for mitochondrial fission. Mitochondrial fusion is controlled by three GTPase proteins: two outer-membrane-localized proteins Mfn1 and Mfn2 (mitofusin 1 and 2) and one inner-membrane-localized protein Opa1 (optric atrophy 1) (43). The C-terminal part of Mfn1 mediates oligomerization between Mfn molecules of adjacent mitochondria and facilitates mitochondrial fusion. Mitochondrial fusion protects cells from toxic effects that are known to associate with mutant Htt and mitochondrial DNA to allow functional complementation of mitochondrial DNA, proteins and metabolites (43) . However, the precise link between mutant Htt and mitochondrial structural changes is not clear. Further, the role of mitochondrial dynamics in HD progression is still unclear. In the present study, we sought to determine abnormal mitochondrial dynamics/mitochondrial damage in relation to mutant Htt in HD patients.
The goals of the present study were: (i) to measure the mRNA and protein levels of Drp1, Fis1 (fission)
Mfn2, Opa1 (fusion) and CypD (cyclophilin D) (matrix) in postmortem brains from control subjects (controls) and HD patients, (ii) to assess the RNA expression abundance of mitochondrial electron transport chain genes (complexes I, III, IV and V) in postmortem brains from HD patients, (iii) to localize mitochondrial proteins and mutant Htt aggregates and oligomers in brain sections from HD patients, (iv) to assess oxidative DNA damage in postmortem brains from HD patients and (v) to identify abnormal mitochondrial dynamics and mitochondrial damage in relation to mutant Htt in brain specimens from these patients.
RESULTS

mRNA expression of mitochondrial genes
To determine the role of mitochondrial structural genes in HD pathogenesis, using quantitative real-time RT -PCR with Sybr-Green chemistry, we measured mRNA fold changes for Drp1, Fis1, Mfn1, Mfn2, Opa1, Tomm40 (translocase of outermembrane 40) and CypD in the frontal cortex specimens from six patients with grade III and IV HD and three controls (Table 1) . We found increased expression of Drp1 and Fis1, and CypD in brain specimens from HD patients and decreased expression of Mfn1, Mfn2 and Opa1, indicating the presence of abnormal mitochondrial dynamics.
Fission genes. Overall, mitochondrial fission was upregulated in the brain specimens from HD patients, but there was some heterogeneity. As shown in Table 1 , mRNA fold changes for Drp1 were greater in brain specimens at grade III and IV HD compared with brain specimens from controls; the mRNA expression ranged from 2.8-to 10.9-fold. Interestingly, Fis1 expression levels were very high, between 6.86-and 36.18-fold.
Fusion genes. As shown in Table 1 , mRNA fold changes were downregulated for Mfn1, Mfn2 and Opa1 in brain specimens from all subjects with HD, compared with the mRNA fold changes in tissues from the control brain specimens. However, the genes from the patients with HD exhibited variability of downregulation: Mfn1 expression ranged from 22. Matrix gene. In brain specimens from all six patients with HD, CypD was upregulated, from 9.91-to 51.5-fold changes, indicating that increased CypD expression may be associated with mitochondrial structural damage in HD neurons (Table 1) .
Mitochondrial electron transport chain genes
To determine the effects of mutant Htt on mitochondrial-encoded genes, we used quantitative real-time RT-PCR analysis to calculate mRNA fold changes for the six genes that represent all complexes of oxidative phosphorylation (Table 2) .
Complex I. The mean mRNA fold changes were higher (2.24 for grade III HD and 1.52 for grade IV HD patients) for NADH subunit 5 relative to control subjects ( Table 2 ), suggesting that mRNA expressions were altered early in the disease progression. Further, patient -patient mitochondrial gene expression varied in both grade III and IV HD patients (Table 2) . Mutant polyQ length and/or mitochondrial DNA alterations may be responsible for this heterogeneity.
Complex III. For HD3 patients, the mean mRNA fold change in cytochrome b was 1.77, and for HD4 patients, it was 1.35, but the cytochrome b levels were the lowest among all mitochondrial-encoded genes studied.
Complex IV. As shown in Table 3 , mRNA levels were greater in all three subunits of cytochrome oxidase for both grade III and IV HD patients. The mean mRNA fold change was 2.55 for grade III HD patients and 2.48 for grade IV HD patients in subunit 1; 2.42 for grade III HD patients and 1.85 for grade IV HD patients in subunit 2; and 2.44 for grade III HD patients and 1.98 for grade IV HD patients in subunit 3 ( Table 2 ). The higher mRNA levels may represent a compensatory response to decreased mitochondrial function.
Complex V. The mRNA levels of ATPase 6 were greater in all HD patients relative to control subjects. The mean mRNA fold change was 2.55 for grade III HD patients and 2.97 for grade IV HD patients, indicating that more mRNA is produced for ATPase 6 in grade IV HD patients (Table 2 ). Further, the mean mRNA levels of ATPase 6 in grade III and IV HD patients were highest among all mitochondrial-encoded genes studied.
Western blot analysis of frontal cortex tissues of mitochondrial proteins
To determine whether mitochondrial structural proteins are abnormally expressed as HD progresses, we used western blot and densitometry analyses to quantify Drp1, Fis1, Mfn1, Mfn2, Opa1, Tomm40 and CypD in the frontal cortical tissues from patients with grade III and IV HD.
Fission proteins. Our protein data agreed with our real-time RT-PCR findings. Drp1 levels were significantly increased in grade III HD patients (P , 0.04) and grade IV HD (P , 0.004) patients compared with the Drp1 levels in controls. Fis1 protein levels also were significantly increased in patients at grade III HD (P , 0.004) and grade IV HD (P , 0.01) relative to the Fis1 protein levels in controls (Fig. 1) .
Fusion proteins. In contrast to fission proteins, fusion proteins were lower in patients with HD relative to controls. Mfn1 protein levels were significantly lower in the brain samples from grade III HD (P , 0.0002) and grade IV HD (P , 0.002) patients. Mfn2 protein levels were also significantly lower in the brain samples from grade III HD (P , 0.005) and grade IV HD (P , 0.002) patients. Opa1 protein levels were lower, but did not reach statistical significance (Fig. 1 ). Tomm40 levels were significantly higher in grade III HD (P , 0.02) and grade IV HD patients (P , 0.004), relative to controls.
Matrix protein. The level of CypD was significantly higher in patients at grade III HD (P , 0.01) and grade IV HD (P , 0.001), compared with the level in controls (Fig. 1) .
Our immunoblotting findings agreed with our real-time RT-PCR analysis. Overall, we found higher levels of fission proteins and lower levels of fusion proteins in all of brain tissues from HD patients compared with control subjects, indicating abnormal mitochondrial dynamics in the HD patients that we studied.
Western blot analysis of mitochondrial proteins in HD patients
To determine whether altered mitochondrial proteins are confined to HD-affected regions of the brain, we performed western blot analysis of mitochondrial proteins, using tissues from the striatum, frontal cortex and cerebellum of grade III HD patients. We found significantly more fission proteins in the striatum and frontal cortex relative to the cerebellum. Drp1 levels were significantly higher in the striatum (P , 0.003) and in the frontal cortex (P , 0.01) relative to the cerebellum. Fis1 protein levels also were significantly increased in the striatum (P , 0.01) and the frontal cortex (P , 0.01) relative to the cerebellum in the grade III HD patients ( Fig. 2A) .
Fusion proteins were lower in the striatum and the frontal cortex relative to the cerebellum in grade III HD patients, and Mfn1 protein levels were significantly lower in the frontal cortex relative to the cerebellum (P , 0.04). Mfn2 protein levels were lower in the striatum (P , 0.01) and the frontal cortex (P , 0.03) relative to the cerebellum. Tomm40 levels were higher in the striatum and the frontal cortex relative to the cerebellum in grade III HD patients, but the significance level was not reached for the striatum (Fig. 2A) .
The matrix protein CypD was significantly higher in the striatum (P , 0.04) and the frontal cortex (P , 0.001) relative to the cerebellum in grade III HD patients ( Fig. 2A) .
Western blot analysis of mitochondrial proteins in control subjects
To determine whether mitochondrial structural protein changes are confined only to HD patients, we performed western blot analysis of mitochondrial proteins, using tissues from the striatum, frontal cortex and cerebellum of control subjects. As shown in Figure 2B , we did not find significantly altered proteins between the affected (cortex and striatum) and unaffected (cerebellum) regions. These results suggest that the presence of mutant Htt is needed in order to alter mitochondrial structural and subsequent abnormal mitochondrial dynamics in HD patients.
Western blot analysis of mutant Htt oligomers
To determine the extent of mutant Htt oligomers in HD brains, we performed western blot analysis of tissues from the frontal cortex of patients at grade III and IV HD, and controls, using the oligomer-specific antibody A11. We found several mutant Htt oligomers of different sizes, including 15, 25, 50 and 60 kDa sizes (Fig. 3A) . Levels of oligomeric Htt were higher in the brains from HD patients, indicating that mutant oligomer formation and production may be dependent on disease progression. We found three distinct bands of oligomers (15, 25 and 50 kDa) in HD patients, in addition to a faint 60 kDa band (Fig. 3A) . Significantly higher levels of 15 kDa bands were found in grade III (P , 0.001) and grade IV HD (P , 0.04) patients. We found significantly increased 25 kDa bands in our grade III (P , 0.01) and grade IV (P , 0.04) HD patients, and 50 kDa in our grade III (P , 0.001) and grade IV (P , 0.03) HD patients.
Using the oligomer-specific A11 antibody, we performed quantitative dot blot analysis of brain specimens from HD patients at stages III and IV. As shown in Figure 3B , significantly higher levels of oligomers were found in tissues from patients with grade III (P , 0.04) and grade IV (P , 0.02) HD relative to controls. Overall, these immunoblotting findings indicate that mutant Htt oligomeric levels in HD patients increase as the disease progresses and that this increase may contribute to abnormal protein interactions and neuronal damage in persons with HD.
Immunofluorescence analysis of HD patients
Fission proteins. To localize Drp1 and Fis1 in HD patients at different stages of disease progression, we performed immunofluorescence analyses of Drp1 and Fis1 in frontal Figure 1 . Western blot analysis of mitochondrial fission, fusion and matrix proteins in the frontal cortex of HD patients and controls. Drp1 levels were significantly increased in grade III (P , 0.04) and grade IV (P , 0.004) HD patients compared with levels in control subjects, as were Fis1 protein levels (grade III, P , 0.004; grade IV, P , 0.01). In contrast, Mfn1 proteins were significantly decreased in grade III (P , 0.0002) and grade IV (P , 0.002) HD patients compared with control subjects, as were Mfn2 levels (grade III, P , 0.005; grade IV, P , 0.002). Tomm40 levels were significantly increased in HD patients at grade III (P , 0.02) and grade IV (P , 0.004), relative to controls. CypD was significantly increased in HD patients at grade III (P , 0.01) and grade IV (P , 0.001). Error bars indicate mean + SEM.
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Human Molecular Genetics, 2011, Vol. 20, No. 7 Figure 2 . Western blot analysis of mitochondrial fission, fusion and matrix proteins in the striatum, frontal cortex and cerebellum in HD patients and controls.
(A) Grade III HD patients. Drp1 levels were significantly increased in the striatum (P , 0.003) and frontal cortex (P , 0.01) compared with the cerebellum, as were Fis1 levels (striatum, P , 0.01; frontal cortex, P , 0.01). Mfn1 levels were significantly decreased in the frontal cortex (P , 0.04) compared with the cerebellum, similar to Mfn2 protein levels (striatum, P , 0.01; frontal cortex, P , 0.03). Tomm40 levels were significantly increased in the frontal cortex (P , 0.004) relative to cerebellum, and CypD was significantly increased in both the striatum (P , 0.04) and the frontal cortex (P , 0.001) compared with the cerebellum. The data are expressed as mean + SEM. (B) Control subjects. The levels of fission proteins, Drp1 and Fis1, did not change significantly in the striatum and frontal cortex compared with the cerebellum. The levels of fusion proteins Mfn1, Mfn2 and Opa1 and matrix protein CypD also did not change in the frontal cortex compared with the cerebellum. P-values are given on the top of each bar.
Human Molecular Genetics, 2011, Vol. 20, No. 7 1443 cortex sections from HD patients at grade III and IV, and from controls. As shown in Figure 4 , Drp1 immunoreactivity was higher in brain specimens from HD patients relative to controls. However, brain specimens from grade III HD patients showed the greatest immunoreactivity, indicating a progressive activation of Drp1 in HD pathogenesis. We also found increased immunoreactivity of Fis1 in brain specimens from grade III and IV HD patients compared with those from controls (Fig. 4) . These findings concurred with our quantitative real-time RT -PCR findings and our immunoblotting data of Drp1 and Fis1. Our fission protein findings suggest the presence of abnormal mitochondrial dynamics in HD patients.
Fusion proteins. To localize fusion proteins in brain specimens from HD patients at grade III and IV and from controls, we conducted immunofluorescence analysis of Mfn1, Mfn2 and Opa1. As shown in Figure 4 , we found the lowest levels of Mfn1, Mfn2 and Opa1 expression in brain specimens from both grade III and IV HD patients, and the immunoreactivity of Mfn2 and Opa1 was the lowest in grade IV HD patients. These findings agree with our real-time RT -PCR and immunoblotting data, indicating the presence of abnormal mitochondrial dynamics in HD pathogenesis.
Matrix protein.
We found greater immunoreactivity of CypD in brain sections from grade III HD and grade IV HD patients relative to controls (Fig. 4) , indicating that mitochondrial structural damage is present in HD patients.
Immunofluorescence analysis of mitochondrial-encoded proteins
To identify the activity of mitochondria in grade III and IV HD patients and in controls, we performed immunofluorescence analysis of cytochrome oxidase 1 (COX1) and cytochrome b. Immunoreactivity of cytochrome b and COX1 were uniform throughout the neuron in brain specimens from controls. In contrast, immunoreactivity of cytochrome b and COX1 was not normal and was disrupted in brain specimens from grade III and IV HD patients. Using quantitative analysis, we found that cytochrome b levels were significantly lower in grade III (P , 0.02) and IV HD patients (P , 0.0001) compared with controls (Fig. 5) . The COX1 levels were also significantly lower in grade III (P , 0.001) and IV HD patients (P , 0.0001) compared with controls (Fig. 6) . The lower levels of cytochrome b and COX1 in patients at grade III HD and IV HD may due to the lower numbers of neurons found in HD patients; these lower levels may also suggest that mitochondrial function is lower in HD patients.
Immunofluorescence analysis of mutant Htt in HD patients
To determine mutant Htt localization in neurons from patients at grade III and IV HD and from controls, we conducted immunofluorescence analysis of brain specimens, using the mutant Htt-specific antibodies 2166 and MW8 (5) . As shown in Figure 7A , we found intraneuronal inclusions in the MW8 antibody-stained brain sections from HD patients but not in those from controls. However, in the 2166 monoclonal antibody-stained sections, we found immunoreactivity of mutant Htt in the cell body, axons and nerve terminals, and increased immunoreactivity in brain specimens from HD patients (Fig. 7B ).
Immunofluorescence analysis of mutant Htt oligomers in HD patients
To determine the presence of mutant Htt oligomers, using A11 antibody, we conducted immunofluorescence analysis of brain sections from patients with grade III and IV HD and controls. As shown in Figure 8 , we found oligomeric mutant Htt immunoreactivity in the cytoplasm, but it was mostly perinuclear. We also found nuclear localization of oligomeric mutant Htt.
Immunofluorescence analysis of oxidative DNA damage in HD patients
To determine the presence of oxidative DNA damage in HD patients, we conducted immunofluorescence analysis of brain sections from HD patients, using the 8-hydroxy-guanosine (8-OHG) antibody. As shown in Figure 9A , we found greater immunoreactivity in grade III and IV HD patients relative to controls, indicating the presence of oxidative DNA damage in HD pathogenesis. Further, we quantitatively analyzed the immunoreactivity of 8-OHG in brain sections from grade III and IV HD patients and controls. As shown in Figure 9B , oxidative DNA damage was significantly higher in patients at grade III (P , 0.002) and grade IV HD (P , 0.0001) compared with controls. These findings suggest that oxidative DNA damage may be due to increased association of mutant Htt with mitochondria in HD neurons.
Double-labeling analysis of mutant Htt and 8-OHG in HD brains. To determine whether mutant Htt localizes with the immunoreactivity of 8-OHG, we conducted double-labeling analysis of mutant Htt and 8-OHG in brain specimens from the frontal cortex of grade III and IV HD patients and from controls. As shown in Figure 9C , immunoreactivity of mutant Htt was colocalized with 8-OHG immunoreactivity, indicating that neurons overexpressing mutant Htt are oxidatively damaged. Our findings also suggest that mutant Htt is involved in oxidative damage during disease progression.
Double-labeling analysis of mutant Htt and CypD in HD brains. To determine whether mutant Htt localizes in the mitochondrial matrix of neurons from the frontal cortex of HD patients at grade III and IV and of controls, we conducted double-labeling analysis, using the 2166 antibody and CypD. As shown in Figure 10 , immunoreactivity of mutant Htt was colocalized with CypD immunoreactivity, indicating the presence of mutant Htt in the mitochondrial matrix of HD patients but not of controls.
Double-labeling analysis of mutant Htt oligomers and COX1 in HD brains. To determine whether mutant Htt oligomers localize in the mitochondria of frontal cortex brain specimens from HD patients, we conducted double-labeling analysis, using A11 and COX1. As shown in Figure 11A , Double-labeling analysis of mutant Htt oligomers and histone3 in HD brains. To determine whether mutant Htt oligomers localize in the nucleus, we conducted doublelabeling analysis of frontal cortex specimens from grade III and IV HD patients, using A11 and the histone3 antibody, which is specific for the nuclear matrix. As shown in Figure 11B , immunoreactivity of mutant Htt oligomers was colocalized with histone3 immunoreactivity, indicating the presence of mutant Htt oligomers in the nucleus. 
DISCUSSION
We investigated mitochondrial structural proteins, oxidative DNA damage and mutant Htt oligomers in postmortem brain specimens from grade III and IV HD patients and controls. We found high levels of fission genes, low levels of fusion genes and high levels of CypD selectively in striatum and cortex specimens from HD patients used in this study. We found significantly greater oxidative DNA damage in HD patients than in controls. We also found mutant Htt oligomers in the cortex of HD patients, and that the levels of oligomers increased as the disease progressed. These findings allow us to speculate that increased mutant Htt oligomers may be involved in mitochondrial fragmentation, abnormal mitochondrial dynamics and oxidative DNA damage in neurons affected by HD. We investigated mitochondrial structural proteins, oxidative DNA damage and mutant Htt oligomers in postmortem brain specimens from grade III and IV HD patients and controls. We found high levels of fission genes, low levels of fusion genes and high levels of CypD selectively in striatum and cortex specimens from HD patients. We found significantly greater oxidative DNA damage in HD patients than in controls. We also found mutant Htt oligomers in the cortex of HD patients, and that the levels of oligomers increased as the disease progressed. These findings lead to the conclusion that increased mutant Htt oligomers may be involved in mitochondrial fragmentation, abnormal mitochondrial dynamics and oxidative DNA damage in neurons affected by HD.
Abnormal mitochondrial dynamics
Overall, decreased mRNA levels in the fusion genes were found in patients at grade III and IV HD. Among these proteins, Mfn2 was the most downregulated, particularly in grade IV HD patients, indicating that mitochondrial fusion decreases in latestage HD pathogenesis. In contrast, increased mRNA levels in the fission genes were found in HD patients at both grades III and IV. Interestingly, mean increased mRNA levels of Fis1 were higher in grade IV HD patients (33.1-fold) than in grade III HD patients (9.5-fold), indicating the involvement of mitochondrial fragmentation and abnormal mitochondrial dynamics in late-stage HD pathogenesis. Mean Drp1 mRNA levels were similar in grade III (5.8-fold) and IV (5.8-fold) HD patients, suggesting that Drp1 upregulation is involved throughout HD pathogenesis. The mRNA levels of Tomm40 were higher in grade IV than in grade III HD patients, indicating that Tomm40 is involved in late-stage HD pathogenesis.
Interestingly, mRNA levels of CypD were higher in brain specimens from HD patients at both grades of HD compared with controls, suggesting that higher mRNA expression of CypD may be an early change in HD progression and may be critical for mitochondrial structural damage in late-stage HD. Overall, the increased mRNA levels of fission genes, the elevated CypD and the lower mRNA levels of fusion genes suggest abnormal mitochondrial dynamics in late-stage HD patients.
Abnormal mitochondrial proteins and impaired mitochondrial dynamics
Immunostaining analysis of Drp1 and Fis1 in brain specimens from grade III and IV HD patients and controls revealed greater immunoreactivity of Drp1 and Fis1, suggesting that high levels of fission proteins may be responsible for mitochondrial fragmentation and mitochondrial swelling that have been reported in HD neurons (39) . Our findings about the greater immunoreactivity of Drp1 and Fis1 are consistent with the recent studies that compared Drp1 in HD patients (36) with other HeLa cells that express expanded polyQ repeats (39) and that found Drp1 increased in HD patients. Wang et al. (39) found less mitochondrial movement and less fusion in cells expressing expanded (78 or 138) polyQ repeats relative to cells expressing 28 polyQ repeats.
Overall, findings from our study, together with those from other studies, suggest that fission proteins are selectively elevated in neurons affected by HD. Further, abnormal mitochondrial dynamics have been reported in other neurodegenerative diseases, including Alzheimer's (44-46) and Parkinson's (47 -50), indicating that mutant proteins' association with mitochondria (51) may cause mitochondrial structural and functional damage in neurodegenerative diseases.
Further, several studies suggest that mitochondrial abnormalities are present in peripheral cells from HD patients, indicating mitochondrial damage is associated with HD. Squitieri et al. (37) found increased defective mitochondria in peripheral cells (including fibroblasts and lymphoblasts) from HD patients relative to peripheral cells from control subjects, indicating that mitochondrial morphological changes are associated with polyQ repeats. Further, Costa et al. (38) found increased mitochondrial fragmentation and broken cristae in HD lymphoblasts. They also found that damaged mitochondrial morphology increased as the number of polyQ repeats and the dosage of the mutant HD gene increased. Furthermore, they characterized mitochondrial striatal progenitor cells from HD knockin mice that carried 110 polyQ repeats, finding a 15% increase in mitochondrial fragmentation, in HD knockin mice relative to the progenitor cells from control mice. Findings from their study further support the involvement of polyQ-dependent mitochondrial structural changes in HD.
Our findings of lower levels of fusion proteins, particularly Mfn2, in brain specimens from patients with late-stage HD concurred with an earlier study that reported decreased fusion proteins in HeLa cells that overexpressed expanded polyQ repeats (39) . In addition, our findings that Mfn2 and Opa1 have lower immunoreactivity in grade III and IV HD patients relative to controls further confirm the notion that mitochondrial dynamics are impaired in HD patients. Increased levels of fission proteins and decreased levels of fusion proteins may lead to changes in mitochondrial structure and function. The increase in fission proteins and the decrease in fusion proteins collectively produce cytotoxicity that is induced by Htt proteins containing expanded polyQ repeats. The polyQ repeats are probably mediated by the impaired mitochondrial dynamics, and the increased polyQ repeats probably result in increased mitochondrial fragmentation and selective neuronal damage.
In a comparative western blot analysis of Drp1, Fis1, Mfn1, Mfn2 and Opa1, we found higher Drp1 and Fis1 levels and lower Mfn1 and Mfn2 levels in HD-affected brain regions (striatum and cortex) but not in the unaffected region (cerebellum). CypD protein levels were also selectively higher in the affected brain regions of HD patients. It is interesting to note that we found mutant Htt aggregates and mutant Htt oligomers only in the HD-affected brain regions, where we also found abnormal mitochondrial dynamics. Further, protein levels of Drp1, Fis1, Mfn1, Mfn2, Opa1 and CypD are unchanged in the striatum and cortex (affected in HD) relative to the cerebellum (unaffected in HD) of control subjects, which further supports that altered mitochondrial proteins in the affected regions of HD brains are due to mutant Htt. In other words, abnormal mitochondrial dynamics were absent in brain specimens from our control subjects.
Overall, we found increased levels of fission and matrix proteins and decreased levels of fusion proteins selectively in the affected regions (cortex and striatum) of HD brains, where increased numbers of mutant Htt aggregates and oligomers were also found (18) , leading us to conclude that mutant Htt oligomers are critically involved in damaging mitochondria both structurally and functionally in HD progression and pathogenesis.
Mutant Htt oligomers and abnormal mitochondrial dynamics
A11 antibody has been reported to recognize oligomeric mutant proteins in neurodegenerative diseases, including Alzheimer's (52) and Parkinson's (53) . However, the use of oligomeric antibody has been limited to Alzheimer's and Parkinson's diseases. In the present study, we used oligomerspecific antibody and studied mutant Htt oligomers in HD brains. Mutant Htt oligomers were found selectively in the frontal cortex and striatum of grade III and IV HD patients and the presence of these oligomers shows an increased trend with disease progression. Interestingly, abnormal mitochondrial dynamics was found in the brain regions that showed mutant Htt oligomers, indicating that mutant Htt oligomers may be involved in abnormal mitochondrial dynamics. Our double-labeling analysis using A11 oligomer-specific antibody and mitochondrial-encoded proteins, COX1 and cytochrome b, revealed colocalization of mutant Htt oligomers with COX1 and cytochrome b in cortical brain sections from HD patients, suggesting that mutant Htt oligomers are associated with mitochondria, and may be responsible for abnormal mitochondrial structural changes (38) , impaired mitochondrial dynamics and oxidative damage found in HD brains (36 and present-study observations).
Our findings also indicate that mutant Htt aggregates and oligomers are mainly involved in HD progression. In addition, lower energy metabolism (the loss of body weight and brain weight) has been described a key event in HD progression and pathogenesis (54 -59) . Magnetic resonance studies suggest a progressive atrophy of the striatum (27, 60) and reduced cortical lobes in patients with HD (61,62) relative to controls. Positron emission tomography studies revealed that decreased glucose utilization in the brain, particularly in the striatum, correlates with HD patients' performance on cognitive tasks, including immediate recall, memory, verbal associate learning and executive functions, suggesting that cerebral glucose metabolism is defective in HD patients (20) (21) (22) 25) . However, the mechanistic link between lower levels of brain energy/glucose metabolism and selective neuronal damage has been unclear until now. Findings from our study, together with those from Kim et al. (36) , provide compelling evidence that abnormal mitochondrial dynamics are selectively caused by mutant Htt oligomers in the striatum and cortex of HD patients. Further research, however, is needed to understand the mechanisms of mutant Htt oligomer fibril formation and the transport of these fibrils to subcellular organelles, such as mitochondria and nuclei. Further research is also needed to elucidate how mutant Htt oligomers selectively interfere with axonal mitochondrial-dependent transport in striatal and cortical neurons of HD patients.
Defective mitochondrial energetics and mitochondrial activity
To understand the role of mitochondrial abnormalities in HD pathogenesis, it is critical to determine the connection, if any, between altered mitochondrial gene expressions and HD pathogenesis in terms of mitochondrial-encoded polypeptides in the electron transport chain since these polypeptides play a role in oxidative phosphorylation. Increased expression of mitochondrial-encoded genes in complexes I, III, IV and V was found in patients with HD relative to controls, suggesting that this upregulation may be compensation for the loss of mitochondrial function caused by mutant Htt or may be somehow related to this loss of mitochondrial function. Either of these alternatives is supported by the decrease in the immunoreactivity of cytochrome b and COX1 that we found in neurons of the grade III and IV HD patients relative to controls. These decreases may be due to neuronal loss in grade III (at 20 -50%) and grade IV (up to 80%) HD patients (63) . Further, the increase in mRNA expression of electron transport chain genes (including COX1 and cytochrome b) in the surviving neurons may also be a compensatory response to mutant Htt aggregates.
Oxidative DNA damage in HD patients
We found significantly greater oxidative DNA damage brain specimens from grade III and IV HD patients. We also found oxidative DNA damage progressively increased in brain specimens from HD patients as HD progressed. Increased oxidative DNA damage and decreased cytochrome b and COX1 in HD patients clearly suggest that mitochondria are impaired in HD neurons and may be responsible for abnormal mitochondrial dynamics and impaired mitochondrial transport.
Mutant Htt immunoreactivity that colocalized with 8-OHG immunoreactivity indicates that neurons overexpressing mutant Htt are oxidatively damaged. These findings suggest that mutant Htt is involved in oxidative damage and mitochondrial dysfunction in HD, which is consistent with other research on impaired mitochondrial function, in which impaired mitochondrial bioenergetics was found in postmortem brains from HD patients (30, 31, 64, 65) .
Biochemical studies of HD knockin mice and HD cell lines suggest that calcium-induced mitochondrial permeability is a key factor in HD pathogenesis (8) . Although some of these studies have attempted to associate increased polyQ repeat length with mitochondrial abnormalities and neuronal damage, there appears to be little evidence to support that view. Indeed, findings from our study provide evidence that mutant Htt oligomers are involved in mitochondrial abnormalities in HD because mutant Htt oligomers are associated with mitochondria, disrupt mitochondrial function and inhibit ATP production and damage neurons affected by HD. We propose that the missing link between mitochondrial dysfunction and HD progression/pathogenesis may be 'mutant Htt oligomers in association with mitochondria'.
MATERIALS AND METHODS
Nine postmortem frozen and fixed brain specimens from the frontal cortex, striatum and cerebellum of HD patients and age-matched healthy subjects (control) were obtained from the Harvard Tissue Resource Center. Table 3 presents the characteristics of the brain specimens used in this study. Three specimens were from patients with grade III HD [graded according to Vonsattel et al. (63) ], three specimens from patients with grade IV HD and three from controls.
Real-time RT -PCR quantification of mRNA expression of mitochondrial electron transport chain genes, mitochondrial fission, mitochondrial fusion and matrix genes Using the reagent TRIzol (Invitrogen, Temicula, CA, USA), we isolated total RNA from cortical tissues of HD patients and controls. We used Primer Express Software (Applied Biosystems, Foster City, CA, USA) to design the oligonucleotide primers for the housekeeping genes b-actin and GAPDH, the mitochondrial electron transport chain genes, the mitochondrial structural genes, the fission genes (Drp1 and Fis1), the Table S1 . Using SYBR-Green chemistry-based quantitative real-time RT -PCR, we measured mRNA expression of our study genes, following Manczak et al. (46) . Briefly, 2 mg of DNAse-treated total RNA was used as starting material, to which we added 1 ml of oligo (dT), 1 ml of 10 mM dNTPs, 4 ml of 5× first-strand buffer, 2 ml of 0.1 M DTT and 1 ml of RNAseOUT. The reagents RNA, dT and dNTPs were mixed first, heated at 658C for 5 min and chilled on ice until the remaining components were added. The samples were incubated at 428C for 2 min and then 1 ml of Superscript II (40 U/ml) was added. The samples were then incubated at 428C for 50 min, at which time the reaction was inactivated by heating the samples for 15 min at 708C. Using cDNA from HD patients and controls, we performed quantitative real-time PCR amplification reactions in a 25 ml volume of total reaction mixture, in an ABI Prism 7900 sequence detection system (Applied Biosystems). The reaction mixture consisted of 1× PCR-buffer-containing SYBR-Green; 3 mM MgCl 2 ; 100 nM of each primer; 200 nM of dATP, dGTP and dCTP each; 400 nM of dUTP; 0.01 U/ml of AmpErase UNG and 0.05 U/ml of AmpliTaq gold. A cDNA template of 50 ng was added to each reaction mixture.
C T -values of b-actin and GAPDH were tested to determine the unregulated endogenous reference gene in HD patients and controls. The C T -value, described in Manczak et al. (46) and Gutala and Reddy (66) , is an important quantitative parameter in real-time PCR analysis. All RT -PCR reactions were carried out in triplicate, and with no template control. The mRNA transcript level was normalized against b-actin and GAPDH at each dilution. The standard curve was the normalized mRNA transcript level, plotted against the log value of the input cDNA concentration at each dilution. Briefly, the comparative C T method involved averaging triplicate samples, which were taken as the C T values for b-actin, GAPDH and mitochondrial genes. b-Actin normalization was used in the present study because b-actin and C T values were similar for mitochondrial structural genes, and also allowed us to avoid the values of GAPDH. The DC T -value was obtained by subtracting the average b-actin C T -value from the average C T -value for the mitochondrial structural genes. The DC T of the controls was used as the calibrator. The fold change was calculated according to the formula 2 −(DDC T ), where DDC T is the difference between DC T and the DC T calibrator value.
Western blot analysis of mitochondrial proteins
To determine whether mitochondrial protein levels are altered in HD patients relative to controls, we performed immunoblotting analyses of protein lysates from cortical tissues of HD patients and controls. To determine whether alterations in mitochondrial proteins are confined to affected brain regions in HD patients, we performed immunoblotting analysis of the striatum, frontal cortex and cerebellum specimens from grade III HD patients. Fifty micrograms of protein lysates were resolved on 10% PAGE gel (Invitrogen). The resolved proteins were transferred to nylon membranes (Millipore, San Diego, CA, USA) and then were incubated for 1 h at room temperature with a blocking buffer (5% dry milk dissolved in the TBST buffer). The nylon membranes were incubated overnight with the primary antibodies Drp1 (1:200 dilution, rabbit polyclonal; Santa Cruz Biotechnology, CA, USA), Fis1 (1:200, rabbit polyclonal; Protein Tech Group, Inc., Chicago, IL, USA), Mfn1 (1:300, rabbit polyclonal; Santa Cruz Biotechnology, Inc.), Mfn2 (1:300 rabbit polyclonal; Abcam, Cambridge, MA, USA), Tomm40 (1:300, rabbit polyclonal; Santa Cruz Biotechnology), Opa1 (1:500 mouse monoclonal; BD Biosciences, San Jose, CA, USA), CypD (1:1000; EMD4 Biosciences, San Diego, CA, USA) and b-actin (1:500 mouse monoclonal, Millipore). Details of antibody dilutions are given in Supplementary Material, Table S2 .
The membranes were washed with the TBST buffer three times at 10 min intervals and then incubated for 2 h with appropriate secondary antibodies, followed by three additional washes at 10 min intervals. Proteins were detected with chemiluminescent reagents (Pierce Biotechnology, Rockford, IL, USA), and the bands from immunoblots were quantified on a Kodak scanner (ID Image Analysis Software, Kodak Digital Science, Kennesaw, GA, USA). Briefly, image analysis was used to analyze gel images captured with a Kodak Digital Science CD camera. The lanes were marked to define the positions and specific regions of the bands. An ID fine-band command was used to locate and to scan the bands in each lane and to record the readings. We analyzed the intensity of bands using ImageJ analysis and assessed statistical significance using Student's t-test with a significance level of P , 0.05. Western blot band intensities were expressed as mean + standard error (mean + SEM).
Western blot analysis of mutant Htt oligomers
To quantify mutant Htt oligomers in grade III and IV HD patients and in controls, we performed immunoblotting analyses of protein lysates from cortical tissues. To detect mutant Htt oligomers, protein lysates were prepared with the following buffers: 250 mM sucrose, 50 mM HEPES, 25 mM MgCl 2 , 0.5 mM dithiothereitol and protease inhibitors, 0.5 g/ml pepstatin, 0.5 g/ml leupeptin and 1 mM PMSF (phenylmethylsulfonyl fluoride). Fifty micrograms of protein lysates were resolved on a 4 -12% gradient gel (Invitrogen). The resolved proteins were transferred to nitrocellulose membranes (Novax, Inc.) and then incubated for 1 h at room temperature with a blocking buffer (5% dry milk dissolved in the TBST buffer). The nitrocellulose membranes were incubated overnight with the A11 antibody (a mutant Htt oligomer-specific anti-rabbit polyclonal, 1:1000; Invitrogen) that recognizes mutant Htt oligomers in protein lysates from grade III and IV patients. Mutant Htt oligomers were detected with chemiluminescent reagents (Pierce Biotechnology). We quantified the bands from immunoblots using densitometry and ImageJ analysis and assessed statistical significance using Student's t-test with a significance level of P , 0.05.
Dot blot analysis
Ten micrograms of protein was spotted onto a nitrocellulose membrane that was then air-dried for 1 h. The membrane Human Molecular Genetics, 2011, Vol. 20, No. 7 1451
was soaked in 5% milk in TBST for 1 h to block non-specific sites and was then incubated with the A11 primary antibody (anti-rabbit polyclonal, 1:1000; Invitrogen) in the blocking solution for 1 h at room temperature. It was washed three times with TBST and then incubated with an anti-rabbit secondary antibody that was conjugated with HRP (horseradish peroxidase) of 1:10 000 dilution for 30 min at room temperature. The membrane was again washed three times with TBST and incubated with the ECL (enhanced chemiluminescence) reagent for 1 min before it was exposed to X-ray film. We quantified oligomer-specific dots from dot blots using ImageJ analysis and assessed statistical significance using Student's t-test.
Immunohistochemistry/immunofluorescence analysis
Using immunofluorescence techniques to localize mitochondrial structural proteins, mutant Htt monomers and oligomers and 8-OHG, we studied Drp1, Fis1, Mfn2, Opa1, CypD, COX1, cytochrome b, mutant Htt (using the MW8 antibody and monoclonal antibody 2166), mutant Htt oligomers (the A11 antibody), histone3 and 8-OHG proteins in frontal cortex specimens (Broadman area 9) from grade III HD patients (n ¼ 3), grade IV HD patients (n ¼ 3) and control subjects (n ¼ 3). Brain specimens were embedded in paraffin, and sections were cut at 15 mm. We then deparaffinized the sections by washing them with xylene for 10 min and then for 5 min each, in a serial dilution of alcohol: 95, 70 and 50%. The sections were washed for 10 min with doubledistilled H 2 O and three more times for 5 min each with phosphate-buffered saline (PBS) at pH 7.4. To reduce the autofluorescence of brain specimens, we treated the deparaffinized sections with sodium borohydrate twice each for 30 min in a freshly prepared 0.1% sodium borohydrate solution dissolved in PBS at pH 8.0. We then washed the sections three times for 5 min each, with PBS at pH 7.4. To block the endogenous peroxidase, sections were treated for 15 min with 3% H 2 O 2 and then with 0.5% Triton dissolved in PBS at pH 7.4. The sections were blocked for 1 h with a solution [0.5% Triton in PBS+10% goat serum+1% bovine serum albumin (BSA)]. They were incubated overnight at room temperature with the primary antibodies (see Supplementary Material, Table S3 , for dilutions). On the day after primary antibody incubation, the sections were washed three times with a washing buffer (0.5% Triton in PBS) and then incubated with a secondary biotinylated anti-mouse antibody (1:200 dilution) (Vector Laboratories, Burlingame, CA, USA) or a biotinylated anti-rabbit antibody (1:200) for 1 h at room temperature. Sections were washed three times for 10 min each with PBS. The sections were incubated with the ABC solution (1:500 dilution, Vector Laboratories) for 30 min and then washed three times for 10 min each with PBS at pH 7.4. They were treated with tyramide-conjugated fluorescent dye Alexa 488 (green) or 594 (red) (Molecular Probes) for 10 min at room temperature and counterstained with 4 ′ ,6-diamidino-2-phenylindole (DAPI) (1:1000; KPL, Gaithersburg, MD, USA) (blue) for nuclear labeling. They were cover-slipped with prolong gold per mount and photographed using a fluorescence microscope.
To assess oxidative DNA damage in HD patients, we quantified the immunoreactivity of 8-OHG in brain sections from controls, grade III and grade IV HD patients. Ten to 15 images were taken at 20 times the original magnification from each case, and positive immunoreactivity with fluorescence signal intensity of neurons was measured using ImageJ analysis.
For the analysis of mitochondrial-encoded proteins, cytochrome b and COX1, 10 -15 images were taken at 20 times the original magnification from each three cases of control subjects, grade III and IV HD patients. Then images were analyzed by quantifying positive immunoreactivity with fluorescence signal intensity per neuron using ImageJ. We assessed statistical significance of 8-OHG, cytochrome b and COX1, using Student's t-test with a significance level of P , 0.05. The fluorescent signal intensities are expressed as mean + SEM. We quantified signal intensity of positive immunoreactivities of cytochrome b and COX1 in neurons from grade III and grade IV HD patients compared with positive immunoreactivities of cytochrome b and COX1 in neurons from control subjects.
Double-labeling immunofluorescence analysis
We performed double-labeling analyses to determine whether neurons showing increased mutant Htt are more vulnerable to (i) oxidative damage, (ii) mutant Htt localized with mitochondria, (iii) mutant Htt oligomers localized in the nucleus or (iv) mutant Htt oligomers localized with mitochondria. These analyses involved immunostaining of the mutant Htt monoclonal antibody MAB2166 (mouse monoclonal) and an anti-goat 8-OHG antibody (goat polyclonal); mutant Htt MAB2166 and CypD (mouse monoclonal); oligomer-specific antibody A11 and nucleus marker, histone3 (rabbit polyclonal); and A11 and COX1.
As describe dearlier, brain sections from HD patients and controls were deparaffinized and also treated with sodium borohydrate to reduce autofluorescence.For the first labeling, the sections were incubated overnight at room temperature with primary antibodies (see Supplementary Material, Table S3 , for dilutions), goat anti-8-OHG (1:400), histone3 (1:400), CypD (1:100) and COX1 (1:100). On the day after primary antibody incubation, the sections were washed with a washing buffer (0.05% Tween-20 in PBS) and then incubated with appropriate secondary antibodies (Supplementary Material, Table S3 ) for 1 h at room temperature. The sections were incubated with the ABC solution for 30 min, were washed three times for 10 min each with PBS at pH 7.4 and treated with tyramide-conjugated fluorescent dye Alexa 488 (green) for COX1, and Alexa 594 (red) for 8-OHG, histone3 and CypD for 10 min each at room temperature.
For the second labeling, the sections were blocked for 1 h with a blocking solution containing 0.5% Triton in PBS + 10% donkey serum + 1% BSA. Then they were incubated overnight at room temperature with primary antibodies (Supplementary Material, Table S3), the mutant Htt antibody (1:50) and the oligomer-specific antibody (1:50, A11). The sections were incubated with appropriate secondary antibodies and then treated with tyramide-conjugated fluorescent dye Alexa 488 or Alexa 594 for 10 min at room temperature. Finally, brain sections were stained with DAPI, cover-slipped with prolong gold per mount and photographed with a fluorescence microscope.
CONCLUSIONS
Mitochondrial dysfunction and oxidative stress have been described in HD, but the precise role of mitochondrial abnormalities and abnormal mitochondrial dynamics was unclear. In the present study, we investigated mitochondrial dynamics and oxidative DNA damage, using postmortem brains from patients at stages III and IV. We quantified the mRNA levels of the electron transport chain genes and the amount of mRNA and protein levels in the mitochondrial structural genes Drp1, Fis1, Mfn1, Mfn2, Opa1, Tomm40 and CypD in brain specimens. We quantified mutant Htt oligomers and studied the localization of Htt oligomers in the striatum and frontal cortex of HD patients. We studied mitochondrial structural proteins in the cortex, striatum and cerebellum of control brains to determine whether altered mitochondrial proteins in HD patients are associated with disease.
An increase in electron transport chain genes was found in HD patients, indicating that this increase may be a compensatory response to mitochondrial damage caused by mutant Htt. The increased expression of Drp1 and Fis1 and the decreased expression of Mfn1, Mfn2, Opa1 and Tomm40 were found in HD patients compared with controls. CypD was upregulated in HD patients, and this upregulation increased as HD progressed. Significantly increased immunoreactivity of 8-OHG was found in cortical specimens from stage III and IV HD patients relative to controls, suggesting that oxidative DNA damage increases in HD patients. In contrast, COX1 activity and cytochrome b were found to be significantly decreased in brain specimens from HD patients relative to controls, indicating the loss of mitochondrial function in HD patients. Immunoblotting analysis revealed 15, 25 and 50 kDa mutant Htt oligomers in brains of HD patients but not in brains of controls. All oligomeric forms were significantly higher in cortex tissues of HD patients. The increase in Drp1, Fis1 and CypD and the decrease in Mfn1 and Mfn2 may be responsible for abnormal mitochondrial dynamics that we found in the striatum and cortex of HD patients, and they may contribute to neuronal damage in HD patients. Formation of mutant Htt oligomers and their presence in the nucleus and in mitochondria may disrupt neuronal functions. Based on these findings, we propose that mutant Htt, associated with mitochondria, disrupts the balance of mitochondrial dynamics, impairs axonal transport of mitochondria, decreases mitochondrial function and damages neurons in affected brain regions in patients with HD.
